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Metal-organic frameworks (MOFs) are composed of organic linkers and coordinating metals 

that self-assemble to form a crystalline material with tunable nanoporosity. Their synthetic 

modularity and inherent long-range order create opportunities for use as new functional 

electronic materials. Using quantum mechanical computational methodologies we propose 

novel conjugated organic linkers that are capable of forming the same one-dimensional infinite 

metal-oxide secondary building units (SBUs) as the well-known IRMOF-74. This structural 

arrangement allows for the formation of a continuous π-π stacking network that should enable 

charge transport in fashion analogous to organic semiconductors. The structural and electronic 

properties (fundamental and optical gaps) of the isolated proposed linkers were modeled using 

a non-empirically tuned long-range corrected functional that leads to significantly improved 

results compared with experimental benchmarks. In addition, periodic hybrid density 

functional calculations were employed to model the extended MOF systems. Our results 

demonstrate how the electronic properties of MOFs can be readily modified to have favorable 

orbital alignments with known electron acceptors that should facilitate charge transfer. The 

predicted properties are in good agreement with experiment (i.e. UV-Vis absorption spectra), 

demonstrating the power of this computational approach for MOF design. 
 

 

 

Introduction 

Metal-organic frameworks (MOFs) are receiving considerable 

attention due to their large surface area to volume ratios and 

tunable pore sizes. To date, research has primarily focused on 

applications relating to gas storage1-4, gas purification and 

separation5-9, chemical sensing,10-12 and catalysis.13-15 Recently, 

the light harvesting and intrinsic charge transport properties of 

MOFs have become of interest for electronic and photonic 

applications.16-22 These efforts stem from both the success and 

shortcomings of current approaches based on organic materials, 

such as organic photovoltaics based on a bulk-heterojunction 

(BHJ) architecture. Although organic and organic-inorganic 

hybrid materials demonstrate exceptional promise for  next-

generation optoelectronic applications, the donor-acceptor 

interfaces in these systems are typically poorly ordered, leading 

to inefficient charge separation upon photoexcitation.23 The 

potential utility of MOFs arises from a combination of their 

nanoporosity, which can accommodate guest molecules, and 

the ability to control donor-acceptor interactions and phase 

separation at the nanoscale, enabled by the long-range order 

inherent in these porous crystalline frameworks. For example, 

we recently showed that fullerenes and thiophenes, organic 

molecules typically used in OPV devices, can be stabilized 

within a MOF without phase segregation. The MOF host used 

in that investigation was MOF-177, a nominally passive (i.e. 

not charge conducting) structure that nevertheless performed 

the additional functions of light harvesting and energy transfer 

to the guest molecules by Förster resonance energy transfer 

(FRET).22  
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 In theory, however, MOFs can also be designed to play an 

active role, serving as one half of a donor-acceptor interface 

(the other half residing as guest molecules in the pores), thereby 

facilitating charge separation and transport in the device active 

layer. This requires the MOF to have specific electronic 

properties, including high charge-carrier mobility, broad 

spectral coverage, large absorption coefficients, and the 

appropriate orbital alignment with the opposing material 

residing in the pores, while retaining relevant geometrical 

parameters.24-26 The MOF cavities or channels must also be 

sufficiently large to allow diffusion and accommodation of the 

infiltrated species (e.g. PCBM) in ample quantities.  To date, 

nearly all MOFs are dielectric materials, particularly those with 

appreciable porosity; therefore, expansion of MOF applications 

to include optoelectronic devices requires the design and 

synthesis of new porous MOFs with semiconducting attributes.  

 Creating a functional MOF-based electronic device is a 

major challenge given the synthetic complications and 

challenges associated with the integration of these materials in 

a structurally controlled manner. Several strategies have been 

proposed for designing electrically conducting MOFs (e.g., 

using transition metals, redox-active linkers, and hetero-

bimetallic structures), but limited success has been achieved.27, 

28 Nevertheless, the synthetic versatility of MOFs is 

encouraging and allows for facile tuning of their structural and 

electronic properties.  There are three general approaches for 

altering the structural and electronic properties of MOFs: i) 

changing the metal ion(s), ii) modification of the organic 

linker(s) and/or iii) infiltration of select molecules into the 

framework, resulting in the formation of new metal-to-ligand 

(ligand-to-metal) charge-transfer (MLCT (LMCT)) states. To 

our knowledge, the first reported porous, intrinsically 

conducting MOF is Cu[Ni(pdt)2] (pdt2- = pyrazine-2,3-

dithiolate),29 which is a p-type semiconductor with a 

conductivity of 1 x 10-4 S/cm enabled by a redox mechanism. 

More recently, Sun and co-workers19 disclosed a manganese 

based MOF utilizing a thiophenol linker (2,5-

disulfhydrylbenzene-1,4-dicarboxylic acid), referred to as 

Mn2(DSBDC), a variant of IRMOF-7430-32 (see Fig. 1), that 

exhibits high intrinsic charge mobility. The same group18 also 

reported a tetrathiafulvalene (TTF) zinc-based MOF that 

exhibits a charge mobility of 0.2 cm2/V·s. The proposed charge 

transfer (CT) mechanisms for these two systems are reportedly 

different. It is proposed that Mn2(DSBDC) exhibits band 

transport through the infinite metal-oxide secondary building 

units (SBUs).33 In contrast, charge hopping through the organic 

linkers is suggested as the conduction mechanism operative in 

the TTF MOF, since these groups are spaced ~3.8 Å apart. 

 Here, we propose a new modular series of conjugated 

organic linkers (see Fig. 2) that are capable of forming the same 

infinite metal-oxide SBU as IRMOF-74 and acting as electron 

donors to well-known electron acceptors used in OPV, such as 

PCBM. Due to the nature of the proposed linkers and SBU, this 

new MOFs series allows for the formation of a continuous π-π 

stacking network potentially providing a direct route to 

facilitate charge transport. Synthesizing MOFs with these 

proposed linkers is feasible based on a previous study showing 

that the pore aperture of IRMOF-74 can be systematically 

increased. In that case, the organic linker (dioxidoterephthalate 

(DOT)) was lengthened to include up to 11 phenylene rings 

(DOT I-XI), creating an isoreticular series termed IRMOF-74-I 

to XI.34 IRMOF-74 can also be readily synthesized with several 

different coordinating metals (IRMOF-74(M); M = Mg, Mn, 

Fe, Co, Ni, and Zn),30, 35  providing an unusually high degree of 

synthetic versatility (IRMOF-74-II(Mg) is shown in Fig. 1). We 

consider the Mg variant (IRMOF-74(Mg)) for its simple 

electronic structure (no d electrons); Mg2+ precludes MLCT or 

LMCT resulting in the localization of the frontier orbitals 

(HOMO and LUMO) entirely on the linkers and not on the 

metal. As a result, there is no competing CT state, enabling 

charge transfer and separation to occur only between the linker 

and the corresponding infiltrated electron acceptor.  The 

electronic properties of the MOF, therefore, will be largely 

governed by the linker moiety. In addition, the high oxidation 

and low reduction potentials of Mg should prevent the metal 

ions in the framework from acting as charge carrier traps within 

an electrical device. 

 Here, we use a novel non-empirically tuned long-range 

corrected density functional theory (DFT) method36-39 to 

demonstrate that these new linkers result in MOFs with the 

appropriate optoelectronic criteria and band-alignments with 

well-known electron acceptor components (i.e. PCBM) for light 

harvesting applications. To our knowledge, this is the first time 

Fig. 1 A supercell representation of the periodic PBE optimized IRMOF-
74-II(Mg) structure.

Fig. 2 The LC-BLYP/6-311G(d,p) optimized DOT I-VI linkers and 
proposed BT/TT linker series.   
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that a non-empirically tuned density functional has been used to 

guide experimental MOF design. Specifically, we demonstrate 

that these MOF linkers are capable of absorbing light in the 

visible region and have large oscillator strengths compared to 

the parent DOT linker series. We validated our computational 

approach by synthesizing the BT-TT-BT linker and comparing 

its optical properties to several of the DOT linkers used in the 

IRMOF-74 series. These results and the corresponding 

synthetic protocol serve to demonstrate that the proposed 

linkers are chemically accessible in a straightforward manner 

using conventional synthetic methodologies and that the 

predicted and measured optical properties are in good 

agreement. In addition, we carried out periodic calculations for 

several of the extended MOF systems, confirming that the 

coordinating metal (Mg) does not interfere with the band edge. 

Consequently, useful information can be obtained by modeling 

the isolated linker allowing for rapid screening of potential 

organic linkers with desirable electronic properties. Finally, we 

discuss the confinement of electron acceptor materials within 

the MOF framework, showing that this can dramatically reduce 

the exciton diffusion length, an important factor governing 

efficiency in organic photovoltaics (OPV) and other 

optoelectronic devices.24 

Computational Details and Methodology 

All density functional theory and time-dependent DFT 

(TDDFT) molecular orbital calculations were carried out using 

a non-empirically tuned long-range corrected (range-separated) 

density functional (LC-DFT) method.  Recent theoretical work 

shows that range-separated functionals40 are essential for 

modeling long-range charge-transfer and Rydberg states.41-44 In 

addition, non-empirically tuned LC-DFT methods yield 

dramatic improvements for predicting fundamental and optical 

gaps over pure (nonhybrid) and hybrid functionals, when 

compared to experimental and/or results from more 

computational rigorous quantum mechanical methods.36-38 The 

fundamental gap is defined as the difference in energy between 

the first ionization potential (IP) and the first electron affinity 

(EA), whereas the optical gap is the difference in energy 

between the lowest dipole-allowed excited state and the ground 

state. In general, the optical gap is smaller than the fundamental 

gap due to the Coulombic attraction between the excited 

electron and hole within the molecule. The improvements stem 

from the way the local DFT and nonlocal Hartree-Fock 

exchange are admixed. Range-separated functionals, in contrast 

with conventional hybrid functionals (i.e. B3LYP) that include 

a fixed percentage of Hartree-Fock exchange, incorporate 

nonlocal electron exchange as a function of the inter-electronic 

distance. As a result, the correct asymptotic behavior at large 

interelectronic distances is achieved. In LC-DFT, the electron 

repulsion operator 1/r12 is separated into short-range (1st term) 

and long-range (2nd term) contributions: 

�

���
�

����	
�∙���

���
�

��	
�∙���

���
,                        (1) 

where “erf” denotes the standard error function, r12 is the 

interelectronic distance between electrons 1 and 2, and µ is the 

range-separation parameter in units of Bohr-1. It has been 

demonstrated that µ is system dependent, but can be non-

empirically tuned for a given system by minimizing the 

following function:39, 41  

��
� � ������
�, � � IP
�, ��
�.                (2) 

Here, εHOMO(N,µ) is the energy of the HOMO, and IP is the 

ionization potential of the N electron system determined from 

the difference between the total energies of the N and N-1 

electron systems. In other words, the optimal µ value ensures 

that the negative of the HOMO energy is equal to the ionization 

potential. This is a fundamental condition within the Kohn-

Sham DFT formalism (i.e., Janak’s theorem45), which justifies 

this self-consistent tuning of µ. Several slight variations of Eq. 

2 have been proposed (i.e. including the N+1 system);41 

however, the approach presented here carries the lowest 

computational burden. More importantly, the different 

approaches tend to produce similar results.46 For example, for 

the BT-TT-BT linker considered here (see below), the optimal 

µ value differs by only 0.2% when the N+1 state is included in 

the tuning procedure.  

 For the DOT-type linkers of the known IRMOF-74 series 

and new linkers proposed here, as well as for PCBM (PC61BM), 

PC71BM, P3HT (8 repeat units) and 2xBT-TT-BT@PC71BM (a 

molecular cluster containing 2 BT-TT-BT linkers and 

PC71BM), the optimal range-separated parameter was 

determined by varying µ from 0.1 to 0.4 Bohr-1 in increments 

0.1 Bohr-1. For each value, full geometry optimizations were 

performed on the N-electron system followed by a single-point 

calculation of the +1 cation state (i.e., the N-1 electron system). 

Plots of J2 as a function of µ for all molecules are shown in Fig. 

S1; the minimum of each curve was determined by cubic spline 

interpolation (optimal µ values are reported in Table 1). Finally, 

full geometry optimizations were carried out with the 

corresponding optimal µ value, followed by determination of 

the first 20 singlet excitations (10 singlet excitations for 2xBT-

TT-BT@PC71BM) using TDDFT within the linear response 

formalism. Absorption spectra were determined by Gaussian 

convolution (full width at half-maximum of 3000 cm-1) of the 

excitation energies and oscillator strengths to account for 

vibrational broadening of the spectrum at room temperature. 

All calculations were carried out within the Gaussian 09 

package47 using the LC-BLYP functional and the polarized 6-

311G(d,p) basis set (6-31G(d,p) for 2xBT-TT-BT@PC71BM) 

with default SCF convergence criteria (density matrix 

converged to at least 10-8 Hartree) and DFT integration grid (75 

radial and 302 angular quadrature points). For 2xBT-TT-

BT@PC71BM, a smaller basis set was used, and fewer 

excitations were computed due to computational limitations 

associated with the size of the system (222 atoms). In addition, 

Grimme’s empirical dispersion correction (S6=1.20 and 

SR6=1.10)48  was used in order to take van der Waals 

interactions into consideration which are essential for modeling 

intermolecular interactions. During the geometry optimization 
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of this cluster, the linkers (2xBT-TT-BT) were fixed in the 

orientation obtained from the optimized periodic structure (see 

below) to maintain the configuration of the linkers within the 

MOF.    

 Density functional theory calculations employing periodic 

boundary conditions were carried out on three MOFs (IRMOF-

74-II(Mg), IRMOF-74-TT-TT(Mg) and IRMOF-74-BT-TT-

BT(Mg)) using the Vienna Ab initio simulation 5.2.12 package 

(VASP).49-52 The Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functional53 with an energy cutoff of 500 eV was 

used for all geometry optimizations. Interactions between ions 

and electrons were described using projector-augmented-wave 

(PAW) 54, 55 pseudo-potentials and a Γ-centered Monkhorst–

Pack56 k-point grid of 4×4×12 was used for sampling the 

Brillouin zone. The structures were relaxed until all forces were 

smaller than 0.01 eV/Å. The tetrahedron method with Blöchl-

corrections was used to determine the partial occupancies for 

each wavefunction.57 Single-point calculations were carried out 

on the optimized PBE structures using the HSE06 hybrid 

functional58, 59 with a k-point grid of 2×2×6 using the Gaussian 

smearing method with a smearing width of 0.05 eV. 

Results 

The predicted HOMO and LUMO energies, fundamental gaps 

(HOMO - LUMO), optical gaps (S0 → S1 transition), and 

oscillator strengths of DOT I-V (see Fig. 2) illustrate that the 

electronic structure of the IRMOF-74 series is not well suited to 

PV applications. Values of these properties are tabulated in 

Table 1 and were determined using the non-empirically tuned 

LC-BLYP functional. The predicted fundamental gaps for DOT 

I-V are all ~ 7.5 eV. These values correspond to the molecule in 

the gas phase; thus, the large gaps are not unexpected. It has 

been shown that non-empirically tuned LC functionals predict 

fundamental gaps that are in very good agreement with 

experimental gas-phase measurements, as well as with more 

computationally intensive techniques such as many-body GW 

and CASPT2 (complete active-space second-order perturbation 

theory) methods.36 The optical gaps, which are of primary 

importance for light harvesting, tend to be of similar energy in 

the gas and solid states and with the exception of DOT-I are ~ 4 

eV. The large difference between the fundamental and optical 

gaps can be attributed to the magnitude of the exciton binding 

energy (fundamental gap – optical gap). For example, the 

experimental exciton binding energy of C60 in the gas phase is 

3.0 eV and is reduced to 1.4-1.6 eV in the solid state.60    

 The TDDFT predicted optical gap of DOT I is 3.3 eV; this 

value is in near perfect agreement with the experimental 

absorption maximum occurring at 372 nm (3.3 eV; see Fig. 3). 

The predicted optical gaps for DOT II-V are blue shifted from 

this value, occurring at approximately 4.0 eV, again in near 

perfect agreement with experiment (see SI for all experimental 

details and absorption spectra; DOT V was not experimentally 

considered here). Comparing the experimental and Gaussian 

convoluted TDDFT absorption spectra (Figs. 3 and S2), the 

accuracy of the non-empirically tuned range-separated 

functional is clearly evident. The correlation between the 

spectra extends beyond the S0 → S1 transition. For example, the 

S0 → S3 transitions are predicted to be stronger than the S0 → 

S1 transition for DOT II-IV, which is consistent with the 

experimental spectra. Although the DOT linkers allow for 

systematic control over the pore diameter of IRMOF-74, they 

absorb little, if any, of the visible spectrum, making them of 

little use for PV applications. 

 To create frameworks having the IRMOF-74 topology that 

are capable of harvesting visible light, chemical intuition and 

DFT suggest that modification of the organic linker is essential 

to achieving the desired optoelectronic characteristics. 

Although the literature of organic semiconductors provides 

many possibilities, the desire to incorporate these within the 

IRMOF-74 structure constrains the design process in two ways. 

In particular, IRMOF-74-n linkers must be linear and relatively 

rigid (Fig. 2), with intramolecular rotation largely confined to 

Table 1 Optimal µ values, HOMO/LUMO energies, fundamental gaps (HOMO-LUMO), optical gaps (S0 � S1 transition) and oscillator strengths of DOT I-
V and the BT/TT series predicted at the LC-BLYP/6-311G(d,p) level of theory. All values are in eV; oscillator strengths are unitless.
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rotations of phenyl groups around the primary axis. They must 

also include the para-CO2
- and ortho-OH- functionalities that 

can coordinate with the metal ions to preserve the original 

topology. Among the many light-absorbing donor materials 

reported, those featuring electron-deficient 

benzo[c][1,2,5]thiadiazole (BT) and alternating thiophenes are 

among the most promising.61-64 Fused and rigidified thiophene 

based building blocks lead to extended conjugation, narrower 

band gaps and stronger intermolecular interactions. We 

therefore considered a new series of organic linkers composed 

of BT and/or alternating electron-rich thieno[3,2-b]thiophene 

(TT) moieties terminated with 2-hydroxybenzoic acid (see Fig. 

2) for initial examination. The fused TT building block serves 

to enforce the geometrical parameters required for the 

formation of the same SBU as the IRMOF-74 series while 

simultaneously narrowing the optical gap.  

 The predicted electronic properties of the proposed linkers 

(i.e. BT-BT, TT-TT, BT-TT-BT, and BT-TT-BT-TT-BT) 

(Table 1) demonstrate that this series provides the ability to 

tune relevant optoelectronic features, such as the optical gap, 

while maintaining overall linker symmetry. Due to the 

conjugated nature of these molecules, they exhibit optical gaps 

that are significantly reduced relative to their DOT counterparts 

and also larger oscillator strengths for the S0 →→ S1 transition 

(see Table 1) compared to the DOT linker series. The emerging 

pattern indicates a decrease in the optical gap and an increase in 

the S0 →→ S1 oscillator strength as the number of alternating 

BT/TT moieties increases. This is consistent with the frontier 

orbital energies becoming more closely spaced as the 

delocalization length increases. As a result, the BT-TT-BT-TT-

BT linker has the smallest optical gap (1.9 eV) of the linkers 

considered. The predicted absorption spectra of BT-TT, BT-

TT-BT and BT-TT-BT-TT-BT (Fig. 3) illustrate that as the 

BT/TT length increases, the absorption shifts to the red with a 

concomitant increase in the oscillator strength, equivalent to an 

increase in molar absorptivity. The oscillator strength for the S0 

→ S1 transition of BT-TT-BT-TT-BT (f = 2.06) is more than 

fivefold higher than DOT V (f = 0.35) and more than 17 times 

that of DOT I (f = 0.11), indicating considerably enhanced 

photon absorption efficiency. Notably, the TT-TT linker has a 

larger oscillator strength (f = 2.16) for the S0 → S1 transition 

than BT-BT (f = 0.81), but similar fundamental and optical 

gaps, owing to the more electron rich nature of the moiety. This 

demonstrates that a rapid increase in oscillator strength, hence 

increased photon absorption efficiency, can be achieved 

through linking just two TT moieties.  

 To validate our theoretical approach, we synthesized the 

BT-TT-BT linker (as its protected methyl ester) and 

characterized its optical properties (see SI for experimental 

details). This provides an essential benchmark for our 

theoretical predictions and represents a critical first step toward 

the rational design of this new class of MOFs. The 

experimental absorption spectrum of BT-TT-BT relative to the 

predicted non-empirically tuned LC-BLYP spectrum are 

compared in Fig. 3. The experimentally determined absorption 

maximum (in dimethylformamide (DMF) at room temperature) 

for BT-TT-BT occurs at 490 nm, which is in good agreement 

with the predicted S0 → S1 excitation occurring at 2.4 eV (521 

nm). Although not directly related to the absorption maximum, 

the predicted optical gap is consistent with these spectra, 

differing from the experimental maximum by only 0.15 eV (31 

nm).  

Fig. 3 The TD/LC-BLYP/6-311G(d,p) predicted absorption spectra and 
oscillator strengths (represented by the vertical lines) of BT-BT, BT-TT-BT 
and BT-TT-BT-TT-BT (a). Figures (b) and (c) compare the predicted and 
experimentally determined absorption spectra of DOT I, DOT IV and BT-
TT-BT (see SI for experimental details) respectively. The TDDFT predicted 
absorption spectra curves were determined by Gaussian convolution using a 
FWHM of 3000 cm-1.

Fig. 4 A schematic showing the BT-TT-BT and TT-TT optimized linkers, 
MOFs, linker length and pore cavity diameter, and the pi-pi stacking network.
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 To ascertain whether the analysis of the isolated linkers can 

be related to the bulk MOF, we performed periodic DFT 

calculations for IRMOF-74-II(Mg), IRMOF-74-TT-TT(Mg), 

and IRMOF-74-BT-TT-BT(Mg). These systems were fully 

optimized at the DFT/PBE level of theory (optimized structures 

are shown in Figs. 1 and 4), followed by single-point 

calculations using the hybrid HSE06 functional. Hybrid 

functionals are well-known to more accurately predict 

bandgaps than GGA functionals (e.g. PBE); however, their use 

comes at significantly higher computational cost. The HSE06 

(PBE) predicted bandgaps are 3.5 (2.5) eV, 2.5 (1.9) eV, and 

2.0 (1.4) eV for IRMOF-74-II(Mg), IRMOF-74-TT-TT and 

IRMOF-74-BT-TT-BT respectively. The HSE06 values are 

systematically ~0.5 eV smaller than the predicted optical gaps 

of the isolated linkers; this difference can in part be attributed 

to the surrounding dielectric (solid vs. gas phase) but is also an 

artifact of the functionals themselves. Not unexpectedly, the 

PBE predicted bandgaps are even smaller; upwards of 1 eV 

compared to the HSE06 results. Importantly, however, the 

pattern is consistent between the different methods. The total 

and partial densities of states, shown in Fig. 5, indicate that the 

frontier orbitals (valence and conduction band wavefunctions) 

are composed of C p-orbitals and have no contributions from 

the Mg valence s-orbital subshell. This indicates that the 

frontier orbitals are localized on the linkers; therefore, results 

predicted by considering the isolated linkers should provide an 

adequate representation of the electronic structure of the MOF. 

In the case of other metals that can be used to construct 

IRMOF-74 (Mn, Fe, Co, Ni, and Cu), however, the d-orbitals 

will likely be near the band edge, rendering this approximation 

invalid. 

Discussion 

The nanoporous nature of MOFs creates the potential to form a 

“nano-heterojunction,” in which the framework serves as an 

electron-donating light absorber that is infiltrated with an 

electron acceptor. The advantage of this configuration is that it 

confines both the donor and acceptor within a highly ordered 

chemical environment that, in principle, can be synthetically 

tuned to optimize light harvesting, exciton splitting, and charge 

transport. The IRMOF-74 topology is an excellent starting 

point for designing semiconducting MOFs with appreciable 

porosity because of its proven synthetic modularity and 

structural properties that should promote charge transport. A 

key feature of its structure is that the linkers stack (~ 5 Å apart) 

in a perpendicular arrangement to form the sidewalls of the 

pores (see Fig. 1), in contrast with other well-known 

frameworks where the linkers are electronically isolated from 

each other (e.g. MOF-5, MOF-177, and HKUST-1).65 This 

provides a potential route for charge transport through the 

organic linkers of the MOF. Supporting this proposed 

mechanism are prior studies demonstrating charge transfer 

between MOF linkers that are closely spaced.66-69  However, as 

our calculations show, the linkers comprising the IRMOF-74 

series (DOT I-XI) have large optical gaps, small oscillator 

strengths, and improper orbital alignments with known electron 

donor materials. For example, the HOMO and LUMO orbitals 

of PCBM lie between that of the DOT linkers (see Fig. 6); as a 

result, the IRMOF-74 series lacks the ability to absorb light in 

the visible region and transfer charge to PCBM. Recently, an 

Fig. 5 The total and partial density of states of IRMOF-74-II (top), 
IRMOF-74-TT-TT (middle), and IRMOF-74-BT-TT-BT (bottom). The 
Fermi energy has been placed at zero. 

Fig. 6 (a) HOMO/LUMO energies and fundamental and optical gaps of 
DOT IV, P3HT, BT-TT-BT, PCBM and PC71BM predicted at the LC-
BLYP/6-311G(d,p) level of theory (b) and a schematic illustrating how 
ample loading of PCBM or PC71BM (C60 was used for illustrative purposes) 
within the 1D pore channels of IRMOF-74-BT-TT-BT(Mg) is plausible.
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alternative approach for predicting MOF band alignments, 

based on periodic DFT calculations, was proposed that allows 

for the conduction and valence bands of the MOF to be 

referenced to vacuum by taking advantage of the porous nature 

of the material.70 Both methods provide only approximate 

values. Nevertheless, these carboxylate-based frameworks are 

expected to be insulators based on the magnitude of their band 

gaps, making it impossible to conduct charge into or out of the 

framework.  

 In contrast, the electronic structure of the linkers in the 

series proposed here is designed for efficient light harvesting 

and to promote charge transport within the IRMOF-74 network. 

These molecules have the proper band alignment with known 

electron acceptors such as PCBM and PC71BM, in that the 

HOMO (LUMO) of the linker, acting as an electron donor, is 

positioned below (above) the HOMO (LUMO) of the acceptor. 

We focus in this discussion regarding band alignment and CT 

on the BT-TT-BT linker for two reasons. First, its length will 

create large channels that facilitate infiltration of guest 

molecules and second, it has more favorable electronic 

properties than the linkers containing only the BT and TT 

moieties. As seen in Figure 6, the predicted band alignments of 

the BT-TT-BT linker with respect to PCBM and PC71BM 

indicate that this linker can act as an electron donor to either of 

these acceptors. Its light-absorbing properties (optical gaps and 

oscillator strengths) are also similar to those of P3HT (see 

Table 1), a well-known electron donor used in OPV. Notably, 

the linker/fullerene offset is close to the “ideal” donor/acceptor 

LUMO offset26, 71 of 0.3 eV (0.2 and 0.3 eV for PCBM and 

PC71BM respectively), which is important for efficient exciton 

splitting. In contrast, the predicted LUMO offset between P3HT 

is much too large (1.1 eV for PCBM, which is in excellent 

agreement with the experimental value of 1.0 eV26). The 

predicted BT-TT-BT optical gap (2.4 eV) is also somewhat 

smaller than that of P3HT (2.6 eV), which is heading closer to 

the optimal bandgap of 1.5 eV for polymer absorbers used in 

OPV applications.26 As our calculations show, the proposed 

BT-TT-BT-TT-BT linker approaches this ideal value. Together, 

these properties support our hypothesis that rigid MOF linkers 

comprised of alternating BT and TT groups are a promising 

strategy for synthesizing MOFs for exciton-based light 

harvesting and charge separation. 

 Additional evidence that charge transfer can occur between 

IRMOF-74-BT-TT-BT(Mg) and a fullerene derivative  was 

obtained from TDDFT calculations of the 2xBT-TT-BT@ 

PC71BM cluster model, which is representative of a fullerene 

guest within the MOF pore. The constrained optimized 

structure is shown in Fig. 7 along with images of the HOMO 

and LUMO. The localization of the HOMO on the linkers and 

the LUMO on PC71BM indicates that charge transfer will occur 

upon absorption of photons with wavelengths of ~ 500 – 700 

nm. In addition, charge difference density (CDD)72 maps were 

generated for several of the dominant optically active 

transitions (see images within the absorption spectrum plot of 

Fig. 7). CDD maps enable visualization of the change in 

electron density upon excitation. These images show an 

increase in electron density on PC71BM upon excitation, as 

represented by the light blue lobes, and a decrease in electron 

density on the linkers, as represented by the purple lobes. This 

is a clear indication that charge transfer should occur between 

IRMOF-74-BT-TT-BT(Mg) and PC71BM.  

 In addition to proper band alignment, access to the pores 

and the ability to achieve high loading of electron acceptor 

molecules within them must be achievable to create an effective 

nano-heterojunction structure using a MOF. A dense acceptor 

loading is also needed to achieve the good orbital overlap 

between infiltrated acceptor molecules required for high charge 

mobility. The proposed IRMOF-74 variants have large 1D pore 

diameters, measuring ~38 Å and ~36 Å for IRMOF-74-BT-TT-

BT and IRMOF-74-TT-TT, respectively (Fig. 4), which is 

sufficient to accommodate several fullerene molecules within 

the horizontal plane perpendicular to the pore channel (Fig. 6b). 

As these pores are one-dimensional channels, the pore limiting 

diameter (PLD) is the same as the largest cavity diameter 

(LCD). Diffusion of molecules this size into the pores should 

thus be rapid, as we demonstrated in a previous investigation of 

PCBM infiltration into MOF-177.22 In that case, the MOF LCD 

was ~24 Å, but the PLD was only ~16 Å, less than half that of 

IRMOF-74-BT-TT-BT and IRMOF-74-TT-TT. Nevertheless, 

nearly immediate PCBM uptake was observed upon exposure 

to a saturated solution, producing high loadings (22 wt%) 

comparable to those in BHJ OPV devices. We therefore expect 

that fullerene domains will form that are similar to those in 

conventional BHJ systems, but with more long-range order 

because the fullerene is confined within the 1D channels of the 

MOF. In a hypothetical thin-film BHJ device having a structure 

in which the MOF pore channels are perpendicular to the 

terminal contacts (anion/cathode), all the fullerene/acceptor and 

Figure 7: The HOMO, LUMO and the TDDFT (LC-BLYP/6-31G(d,p)) 
predicted absorption spectrum of 2xBT-TT-BT@PC71BM. The molecular 
images with the absorption spectrum plot show the change in electron 
density upon excitation (CCD maps). The purple and light blue regions 
represent a decrease (holes) and increase (electrons) in the electron density 
respectively.  
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MOF/donor domains will have a continuous and direct path out 

of the active layer. In addition, the pores will confine the 

acceptors to be at most 20 Å (2 nm) from a donor, well within 

the maximum exciton diffusion length of 10 nm,26 which is a 

major benefit of a MOF-based  photovoltaic devices. Using the 

MOF as the electron donor, there would be virtually no exciton 

diffusion required if the pore channels are packed with 

fullerenes or any other acceptable electron acceptor with 

appropriately aligned electronic properties. 

Conclusions 

The proposed BT/TT series of linkers represent a new, 

previously unexplored class of MOFs that can be tailored 

specifically for light-harvesting with properties similar to those 

of well-studied organic semiconductors. Quantum mechanical 

periodic and molecular orbital calculations, including TDDFT 

using novel non-empirically tuned range-separated functionals, 

were used to extensively characterize their properties. This 

approach, which combines high-level theoretical treatments 

with bottom-up material design, represents an important step 

towards the synthesis of MOFs tailored for optoelectronic 

applications. We demonstrated that this modular BT/TT series 

is capable of forming the same infinite metal-oxide SBU as 

IRMOF-74, allowing a continuous π-π stacking network to be 

formed that could provide a route for high charge mobility. In 

these IRMOF-74 analogues, the linker is not merely structural, 

but is tuned to enable it to function as both a light harvester and 

an electron donor to electron acceptor molecules infiltrated 

within the pores. We expect, therefore, that light harvesting by 

these MOFs will be considerably more efficient than in typical 

carboxylate-type MOFs, which absorb primarily in the UV. As 

demonstrated, these linkers absorb visible light due to their 

relatively small optical gaps and large oscillator strengths, both 

of which agree well with experimentally determined trends and 

measured values. In addition, our results show that proper band 

alignment exists with well-known acceptor molecules, such as 

PCBM, to enable exciton splitting. Finally, the confinement of 

the acceptor molecules within the MOF should reduce the 

exciton migration distance considerably compared with typical 

bulk heterojunctions, a current factor that limits OPV 

performance.  

 The proposed MOF series and theoretical analysis represent 

a rational approach for predicting trends and guiding 

experimental efforts to develop MOF-based photovoltaic 

devices and functional electronic materials. The modularity of 

the proposed linker series allows for any BT/TT combination 

and pore diameter to be readily synthesized, affording the 

ability to systematically tune both the structural and electronic 

properties. Our results also demonstrate that accurate trends can 

be predicted from calculations based solely on the linkers, as 

long as the system is comprised of closed-shell metal ions such 

as Mg(II) that do not make orbital contributions near the band 

edges. Further modeling and experimental analyses are also 

underway to determine the charge transport characteristics of 

these MOFs. We are currently extending our approach to other 

potential organic linkers and MOF architectures that are 

expected to have favorable electronic properties for light 

harvesting, enhanced charge carrier mobility, minimal exciton 

diffusion distances, and high orbital overlap between adjacent 

linkers. Such architectures are promising not only for MOF-

based solar cells, but also as well-controlled platforms for 

obtaining valuable fundamental knowledge regarding donor-

acceptor interfaces, exciton diffusion lengths, and carrier 

mobility, due to the inherent structural order and 

nanoconfinement available in MOFs. Synthesis of these MOFs 

is currently underway in our laboratory. 
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